Aims/hypothesis Acute or chronic exposure of beta cells to glucose, palmitic acid or pro-inflammatory cytokines will result in increased production of the p47 phox component of the NADPH oxidase and subsequent production of reactive oxygen species (ROS). Methods Rat pancreatic islets or clonal rat BRIN BD11 beta cells were incubated in the presence of glucose, palmitic acid or pro-inflammatory cytokines for periods between 1 and 24 h. p47 phox production was determined by western blotting. ROS production was determined by spectrophotometric nitroblue tetrazolium or fluorescencebased hydroethidine assays.
are also important regulators of insulin secretion, e.g. NEFA. Palmitate, one of the most abundant NEFA in plasma, acutely potentiates glucose-stimulated insulin secretion by beta cells, but chronically reduces it. The metabolic interaction between glucose and palmitate may generate lipid intermediates (diacylglycerol, phosphatidylserine) that activate specific isoforms of protein kinase C (PKC), thereby enhancing insulin secretion [1, 2] . Indeed, it was recently demonstrated [3] that long-chain fatty acylCoA, mainly palmitoyl-CoA, potentiated glucose-stimulated insulin secretion in clonal beta cells through PKC activation.
Many studies have now shown the expression and activity of phagocyte-like NADPH oxidase in non-phagocytic cells [4] [5] [6] . The NADPH oxidase consists of six hetero-subunits, which associate in a stimulus-dependent manner to form the active enzyme complex and produce superoxide. Tight regulation of enzymatic activity is achieved by two mechanisms; separation of the oxidase subunits into different subcellular locations during the resting state (cytosolic and membrane-bound), and modulation of reversible protein-protein and protein-lipid interactions. These can either promote the resting state or allow translocation to the membrane in response to appropriate stimuli. Two NADPH oxidase subunits, gp91
phox and p22 phox , are integral membrane proteins. They form a heterodimeric flavocytochrome b558 that forms the catalytic core of the enzyme, but exist in the inactive state in the absence of the other subunits. The additional subunits are required for regulation and are located in the cytosol during the resting state. They include the proteins p67 phox , p47 phox and p40 phox as well as the small GTPase Rac. p47
phox is phosphorylated at multiple sites by a number of protein kinases including members of the PKC family, and as such plays the most important role in the regulation of NADPH oxidase activity [7, 8] .
Recently, we demonstrated the expression and activity of a phagocyte-like NADPH oxidase in pancreatic islets [9] . The expression of NADPH oxidase components was demonstrated by RT-PCR (gp91 phox , p22 phox and p47 phox ) and western blotting (p47 phox and p67 phox ). We also found that glucose-stimulated production of reactive oxygen species (ROS) in pancreatic islets occurred by PKCdependent activation of NADPH oxidase. This finding is similar to a report that high glucose and PKC mediated activation of NADPH oxidase and ROS production in mesangial cells [10] . Recently, it was reported [11] that glibenclamide (one of a class of clinically important insulin secretagogue drugs known as sulfonylureas) stimulated ROS production in a pancreatic beta cell line (MIN6 cells) through NADPH oxidase.
In pathological conditions leading to type 2 diabetes it is known that elevations of glucose and NEFA levels induce production of ROS in beta cells [12, 13] . It has been reported that a major source of ROS is the mitochondrion, in which increased availability of substrates causes enhanced oxidative activity and production of oxygen derivatives [12, 13] . However, we speculate that a major source of superoxide is the NADPH oxidase system, which may be upregulated in the presence of saturated NEFA, or indeed of proinflammatory cytokines, which are known to increase production of components of the NADPH oxidase system in the phagocytic cells of the immune system [14, 15] .
Others have recently reported that nutrients (such as high levels of glucose and palmitate) stimulated cultured aortic smooth and endothelial cell phagocyte-like NADPH oxidase via PKC-dependent activation [16] , while a very recent study demonstrated increased production of the NADPH oxidase components gp91 phox and p22 phox in beta cells obtained from animal models of type 2 diabetes [17] . However, in spite of this information, a systematic study on the effect of glucose, palmitate or pro-inflammatory cytokines (major positive or negative insulin secretion regulators) on NADPH oxidase production and activation in pancreatic beta cells has not been reported. Thus we investigated the effects of glucose, palmitate or IL-1β on the production of p47 phox and activation of NADPH oxidase in isolated primary rat pancreatic islets. In addition, we used the glucose-responsive clonal rat pancreatic insulin-secreting cell line, BRIN BD11, to analyse production of p47 phox after exposure to the saturated fatty acid palmitate, or a pro-inflammatory cytokine cocktail.
Materials and methods

Materials
All chemicals for buffer preparation, palmitic acid, nitroblue tetrazolium (NBT), diphenylene iodonium (DPI) and bysindoylmaleimide (GF109203X) were obtained from Sigma-Aldrich Chemical (St Louis, MO, USA), or Sigma (Dublin, Ireland). Hydroethidine (HEt) was obtained from Molecular Probes (Eugene, OR, USA). Protease inhibitors and EDTA were supplied by Pierce (Rockford, IL, USA). Culture media, fetal bovine serum, OPTI-MEM medium, oligofectamine, plasticware, trizol, random pd (N) 6 primers, DNase I, SuperScript II RNase H-Reverse Transcriptase II, Taq DNA polymerase and dNTPs were obtained from Invitrogen Life Technologies (Paisley, Scotland). Cytokines were obtained from R&D Systems (Abingdon, UK). The p47 phox rabbit antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All procedures were carried out according to the various manufacturers' instructions. Palmitic acid was initially dissolved in ethanol, the final concentration of which did not exceed 0.05%.
Animals
Female Wistar albino rats weighing 150-200 g (45-60 days old) were obtained from the Institute of Biomedical Sciences, University of Sao Paulo, Sao Paulo, Brazil. The animals were kept in groups of five at 23°C in a room with a 12 h light-dark cycle (lights on at 07.00 hours) and free access to food and water. Ethics approval was granted for this study by the Animal Experimental Committee of the Institute of Biomedical Sciences, University of Sao Paulo.
Rat pancreatic islet isolation
Islets of Langerhans were isolated from rats by pancreas digestion with collagenase as previously described [18] . Islet apoptosis (assessed by DNA fragmentation) was not altered in any of the conditions described at any point up to 24 h.
Superoxide determination: nitroblue tetrazolium and hydroethidine assays Total superoxide generation was detected by NBT assay [19] . Superoxide is rapidly generated on activation of NADPH oxidase and has a short half-life. However, superoxide can reduce NBT to a relatively stable product detectable at 560 nm. Previous studies have demonstrated that islet ROS-dependent NBT reduction was robust and was sustained for a 120-minute period following initiation [9] . The assay was performed by incubating 200 islets in 250 μl Krebs-Henseleit buffer, with 0.2% NBT. The samples were incubated for 60 minutes or 24 h (37°C and 5% CO 2 ) in the presence of glucose, 0.1 mmol/l palmitate, 10 μmol/l DPI, an NADPH oxidase inhibitor [20, 21] , or 500 nmol/l GF109203X, a PKC-specific inhibitor [22] , or 5 ng/ml IL-1β where indicated. The cells were centrifuged (3,200 g for 2 min at 4°C) and the supernatant fraction removed. Formazan was dissolved in 100 μl 50% acetic acid by sonication (3 pulses of 6 seconds, Vibra Cell; Sonics & Materials, Newtown, CT, USA). Absorbance was determined at 560 nm in a microtitre plate reader (Spectramax Plus; Molecular Devices, Sunnyvale, CA, USA). Intracellular superoxide generation was also determined by oxidation of HEt to ethidium [23] . Islets were incubated at 37°C for 60 min or 24 h in 500 μl KrebsHenseleit buffer in the presence of glucose (2.8, 5.6 and 16.7 mmol/l) with or without 10 μmol/l DPI, or in the presence of 5.6 mmol/l glucose plus 0.1 mmol/l palmitate, or in the presence of 5.6 mmol/l glucose plus 5 ng/ml IL-1β with or without 10 μmol/l DPI, as indicated. Islets were loaded with 100 μmol/l HEt over 20 min at room temperature. Incubation medium was replaced and the islets loaded with HEt were washed with Krebs-Henseleit buffer without glucose and transferred to 96-well plates (containing 100 μl Krebs-Henseleit buffer without glucose). Islets were visualised in a confocal microscope (Carl Zeiss, Morris Plains, NJ, USA). In these experiments, ethidium fluorescence was excited at 547 nm (3 μm laser scanning confocal sections were analysed).
Phosphorthioate-modified oligonucleotides
Antisense phosphorthioate oligonucleotide target to p47 phox (5′-CTTCATTCGCCACATCGC-3′) and a control oligonucleotide containing the same bases but in random order (5′-TTTTCCCCCAGGCCCAAT-3′) were designed according to the p47 phox mRNA rat sequence (Genbank accession no. AY029167) and were produced by Integrated DNA Technologies (Coralville, IA, USA). The efficiency of antisense oligonucleotides blocking of p47 phox protein production was evaluated by immunoblotting total protein extracts of isolated pancreatic islets using a specific anti-p47 phox antibody.
Oligonucleotide transfection in cultured islets and superoxide determination (hydroethidine assay)
Groups of 400 freshly isolated islets were pre-incubated for 4 h at 37°C in OPTI-MEM medium plus oligofectamine with 10 mmol/l glucose and in the absence or presence of either 20 μmol/l scrambled or 20 μmol/l antisense p47 phox oligonucleotide. After 4 h of transfection, 9 ml of RPMI 1640 medium with 10 mmol/l glucose and 10% fetal calf serum were added to the medium and islets were then incubated for 20 h at 37°C. Thereafter, the RPMI-1640 medium was replaced by Krebs-Henseleit containing 5.6 mmol/l glucose and the islets were incubated for 30 min. Afterwards, islets were loaded with HEt and incubated for 20 min at room temperature. The incubation medium was replaced and islets loaded with HEt were washed with Krebs-Henseleit buffer without glucose and transferred to 96-well plates. Islets were visualised using a confocal microscope (Carl Zeiss).
Western blotting for p47
phox Groups of 300 islets were incubated in Krebs-Henseleit buffer containing 5.6, 11.1 and 16.7 mmol/l glucose or 0.1 mmol/l palmitate (with 5.6 mmol/l glucose) for 60 min at 37°C. After incubation, protein from islets was extracted and diluted (1:5) in a 2-mercaptoethanol Lammeli buffer. For protein samples isolated from BRIN BD11 cells western blot analysis was carried out using 25 μg or 30 μg of cytoplasmic extracts (isolated using RIPA buffer as described below). The 25 μg or 30 μg of protein was boiled in an equal volume of 2× electrophoresis sample buffer. Equal amounts of protein were subjected to SDS-PAGE in a Bio-Rad miniature slab gel apparatus and electrophoretically transferred on to a nitrocellulose sheet, blocked in 5% BSA and incubated overnight with purified polyclonal rabbit anti-p47 phox antibody. The antibodies were used at dilutions of between 1:200 and 1:10,000 (depending on cell type). The blots were washed and probed with horseradish peroxidase (Santa Cruz Biotechnology). For BRIN-BD11 cells the SuperSignal west pico chemiluminescent substrate (Pierce, Rockford, IL, USA) was used to detect the signal. The working solution was prepared by mixing 3.5 ml of the stable peroxide solution with 3.5 ml of the luminol/enhancer solution. Glucose, palmitic acid or IL-1β at the concentrations used in this study did not alter production of a beta cell housekeeping protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Fig. 1) or an islet housekeeping protein, fibronectin (Figs 2, 3, 4 and 5). Islet cell viability was not altered by any of the conditions described over 24 h (results not shown).
Culture and treatment of BRIN-BD11 cells
Clonal insulin-secreting BRIN-BD11 cells were maintained in RPMI-1640 tissue culture medium with 10% (v/v) fetal calf serum, 0.1% antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin) and 11.1 mmol/l D-glucose, pH 7.4, at 37°C in a humidified atmosphere of 5% CO 2 and 95% air using an incubator (Forma Scientific Biosciences, Dublin, Ireland). For western blot analysis, the cells were seeded at 1.5×10 6 cells per well in 5 ml medium in a six-well plate. The cells were allowed to adhere overnight and then incubated as above but in the presence or absence of different concentrations of a pro-inflammatory cytokine mix (TNF-α [1.9 ng/ml], IL-1β [2.5 ng/ml] and IFN-γ [125 ng/ml]) or phox in rat islets. Western blotting analysis of p47 phox after 1 h (a) and 24 h (b) from isolated rat pancreatic islets incubated in the presence of 5.6 (G5.6), 11.1 (G11.1) and 16.7 (G16.7) mmol/l glucose for 1 h or 24 h, respectively. Western blotting was performed using rabbit anti-p47 phox or anti-fibronectin polyclonal antibodies. Similar results were obtained in three independent experiments. *p<0.05, compared with 5.6 mmol/l glucose the presence or absence of 100 μmol/l palmitic acid for 1, 8 or 24 h. BRIN BD11 cell viability (as assessed by the tetrazolium salt WST-1, an indicator of mitochondrial integrity) was reduced by approximately 10%, in the presence of palmitic acid, but apoptosis (as assessed by loss of nuclear integrity) was increased from 5% to 25% in the presence of the pro-inflammatory cytokine cocktail after 24 h [24] .
Preparation of protein extracts from BRIN-BD11 cells BRIN-BD11 insulin-secreting cells were lysed using RIPA lysis buffer (supplied at 10× concentration; MSC, Dublin, Ireland) containing protease inhibitors. 150 μl of 1× RIPA lysis buffer was added to the cells. Cell lysates were transferred to fresh ice-cold Eppendorf tubes and were then placed on a shaker at 4°C for 15 min. The cells were then centrifuged at 14,000 g for 15 min at 4°C. The supernatant fraction was placed in a fresh tube and stored at −20°C.
Statistical analysis
Results are presented as mean±SEM. ANOVA was employed to verify significance where appropriate, with confidence levels set at p<0.05. Statistical analyses were also performed using the unpaired Student's t test where appropriate. P<0.05 was considered to be statistically significant.
Results
Effect of palmitate or a pro-inflammatory cytokine cocktail on BRIN-BD11 p47 phox protein production BRIN BD11 insulin-secreting cells were incubated in the presence of 0.1 mmol/l palmitic acid or of the proinflammatory cytokine mix (IL-1β, TNF-α and IFN-γ) at non-toxic levels (TNF-α [1.9 ng/ml], IL-1β [2.5 ng/ml] and IFN-γ [125 ng/ml]). p47 phox protein levels were subsequently determined by western blotting techniques after 1, Fig. 3 Effect of palmitate on production of the NADPH oxidase component p47 phox in rat islets. Western blotting analysis of p47 phox from isolated pancreatic islets incubated in the presence of 5.6 mmol/l glucose (G5.6) or 5.6 mmol/l glucose plus 0.1 mmol/l palmitate (G5.6+ PALM) after 1 h (a) or 24 h (b). Western blotting was performed using rabbit anti-p47 phox or anti-fibronectin polyclonal antibody. Similar results were obtained in three independent experiments. *p<0.05, compared with 5.6 mmol/l glucose. **p<0.01 compared with 5.6 mmol/l glucose Fig. 4 Effect of IL-1β on production of the NADPH oxidase components p47 phox in rat islets. Western blotting analysis of p47 phox from isolated pancreatic islets incubated in the presence of 5.6 mmol/l glucose (G5.6) or 5.6 mmol/l glucose plus 5 ng/ml IL-1β (G5.6+IL-1β) after 1 h (a) or 24 h (b). Western blotting was performed using rabbit anti-p47 phox or anti-fibronectin polyclonal antibody. Similar results were obtained in three independent experiments. *p<0.05, compared with 5.6 mmol/l glucose 8 and 24 h and found to be significantly increased after incubation in the presence of palmitic acid or the proinflammatory cytokine cocktail after 24 h (1.5-fold and 1.75-fold, respectively) (Fig. 1a,b) . Production of the housekeeping protein, GAPDH was not altered in any experimental condition.
Effect of glucose on production of rat islet p47 phox
The effect of glucose on production of the NADPH oxidase component p47 phox was examined in isolated rat islets by western blotting after 1 and 24 h. Incubation in the presence of 16.7 mmol/l glucose resulted in an increase in the production of p47 phox by 1.7-fold after 1 h and 1.4-fold after 24 h, as compared with production at 5.6 mmol/l glucose (Fig. 2a,b) . After 1 and 24 h of incubation glucose increased p47 phox production in a dose-dependent manner (5.6<11.1<16.7 mmol/l glucose) (Fig. 2a,b) .
Effect of palmitate or IL-1β on p47
phox production
The effect of palmitate on p47 phox production in rat islets was investigated by western blotting. Pancreatic islets were incubated for 1 or 24 h in the presence of 5.6 mmol/l glucose only or 5.6 mmol/l glucose plus 0.1 mmol/l palmitate. The production of p47 phox in islets incubated in presence of palmitate plus glucose was increased by 1.4-fold compared with the effect of glucose only after 1 h (Fig. 3a) , but was reduced by approximately 23% compared with control (5.6 mmol/l) after 24 h (Fig. 3b) .
The effect of the pro-inflammatory cytokine IL-1β on islet p47 phox production was investigated by western Fig. 5 Effect of glucose on ROS production in isolated pancreatic islets.
The production of ROS by isolated rat pancreatic islets was determined using a hydroethidine oxidation assay. The fluorescence intensity of islets was analysed using Zeiss confocal microscopy (a). Fluorescence increased as a function of glucose concentration. Groups of 20 islets were incubated in the presence of 2.8 (G2.8), 5.6 (G5.6) or 16.7 (G16.7) mmol/l of glucose and in the absence or presence of 10 μmol/l of DPI (n=3). b As above (a) but the results are expressed as means±SE from pools of 20 islets. *p<0.05, **p<0.01, compared with 2.8 mmol/l glucose; †p<0.05, compared with 5.6 mmol/l glucose; ‡p<0.05, compared with respective glucose concentration. c In addition, the islets were incubated in 10 mmol/l glucose only (C) or in the presence of a control random order oligonucleotide, 'scrambled' (S), or antisense (AS) p47 phox , and the production of superoxide was determined as described above, after a 4-h transfection period followed by 20 h incubation. The results are expressed as means±SE from pools of 20 islets each. ***p<0.001, compared with the control. The p47 phox or fibronectin production was also determined by western blotting (d) following transfection with control or antisense oligonucleotide and 20 h of incubation. The results are expressed as means±SE from pools of 20 islets each. *p<0.05, compared with the control blotting. Pancreatic islets were incubated for 1 h in the presence of 5.6 mmol/l glucose only or of 5.6 mmol/l glucose plus 5 ng/ml IL-1β. After 1 h, the production of p47 phox in islets incubated in presence of IL-1β plus glucose was increased (1.8-fold) compared with the effect of glucose only (Fig. 4a) ; after 24 h production was reduced by approximately 21% (Fig. 4b) .
Effect of glucose on ROS production in islet cells and pharmacological/molecular inhibition Intracellular ROS production by incubated islets (as determined by HEt assay) was increased on incubation of islets in 5.6 or 16.7 mmol/l when compared with a basal concentration of 2.8 mmol/l glucose (Fig. 5a,b) . DPI, an inhibitor of NADPH oxidase, completely abolished glucose induced ROS production (Fig. 5a,b) .
ROS production was inhibited by a specific anti-p47 phox oligonucleotide in islets cultured for 24 h in the presence of 10 mmol/l glucose (Fig. 5c ). The inhibitory effect of the oligonucleotide on p47 phox production was confirmed by western blotting. p47
phox protein was produced at 40% of the level achieved in the absence of the oligonucleotide after 24 h (Fig. 5d) , an effect not achieved with a control oligonucleotide containing the same bases but in random order.
Effect of palmitate on ROS production in islet cells
Islets incubated in the presence of glucose (5.6 mmol/l) produced ROS at levels sufficient to be detected by the NBT reduction assay (which assesses both intracellular and extracellular ROS) after 1 h. Addition of 0.1 mmol/l palmitate to incubation media containing 5.6 mmol/l glucose significantly increased the NBT reduction after 1 h (1.68-fold, Fig. 6a ). Additionally islets were incubated for 1 h in 5.6 mmol/l glucose plus 0.1 mmol/l palmitate in the presence of DPI, which resulted in partial attenuation of ROS production (Fig. 6a) . PKC is the main cellular regulator of NADPH oxidase activity (16) . The effect of GF109203X (a PKC inhibitor) was examined to ascertain the role of PKC on NADPH oxidase activation. GF109203X significantly attenuated the NBT reduction induced by palmitate plus glucose (Fig. 6b) .
Palmitate plus glucose also raised intracellular ROS production after 1 h (by 2.5-fold), as evaluated by the HEt assay, compared with 5.6 mmol/l glucose only, an effect that was partially but significantly attenuated by DPI (Fig. 7a) .
Effect of IL-1β on ROS production in islet cells
Islets incubated for 1 h in the presence of 5.6 mmol/l glucose plus 5 ng/ml IL-1β produced intracellular ROS at significantly higher levels compared with incubation in 5.6 mmol/l glucose only, as assessed by the hydroethidine assay. When islets were incubated for 1 h in the presence of 5.6 mmol/l glucose plus 5 ng/ml IL-1β and in the presence Fig. 6 Effect of palmitate and NADPH oxidase or PKC inhibitors on ROS production in rat islets. The production of superoxide by isolated rat pancreatic islets incubated in glucose (G5.6) or glucose plus palmitate (PALM) in the presence or absence of 10 μmol/l DPI (a) or (b) 500 nmol/l GF109203X (GFX) was determined by NBT reduction assay. The islets were incubated for 60 min in Krebs-Henseleit buffer containing 0.2% NBT in the absence (ethanol 0.5%) or presence of 5.6 mmol/l glucose or of 5.6 mmol/l glucose plus either 0.1 mmol/l palmitate (n=3) or DPI or palmitate plus DPI, or GF109203X or palmitate plus GF109203X. AU, arbitrary units. The results are expressed as means±SE from pools of 100 islets each. †p<0.05, compared with 5.6 mmol/l glucose; *p < 0.05, compared with 5.6 mmol/l glucose plus 0.1 mmol/l palmitate of DPI, a partial but significant attenuation of ROS production was observed (Fig. 7b) .
Islets incubated for 24 h in the presence of palmitate or IL-1β plus glucose (5.6 mmol/l) produced intracellular ROS at significantly lower levels compared with incubation in 5.6 mmol/l glucose only, as assessed by the HEt assay. (Fig. 7c) .
Discussion
We recently demonstrated the production of a phagocytelike NADPH oxidase in the beta cells of rat pancreatic islets [9] . Expression of cytosolic and membrane NADPH oxidase components was demonstrated by RT-PCR and western blotting. Remarkably the level of ROS production in beta cells was shown to be similar although slightly lower than for rat neutrophils. We now demonstrate that p47 phox , a key NADPH oxidase component, is also produced in a clonal rat pancreatic insulin-secreting cell line, BRIN BD11, that is responsive to glucose and amino acids. Thus NADPH oxidase production occurs in a pure homogenous beta cell population. Protein production of p47 phox was significantly increased in the presence of palmitic acid or a pro-inflammatory cytokine cocktail after 24 h in the cell line. In rat islets, by contrast, production of p47 phox protein was significantly increased in the presence of glucose, palmitic acid or the pro-inflammatory cytokine IL-1β after 1 h, but was reduced after 24 h in the presence of the latter two agents. We have reported here that, similarly to leucocytes, vascular cells and mesangial cells, glucose stimulated ROS production in islets mainly through NADPH oxidase activation (based on DPI and antisense oligonucleotide results). Indeed ROS production may be positively correlated with glucose-stimulated insulin secretion [25] , although previously the source of beta cell ROS had been a matter of speculation. Recently it was reported [11] that glucose and sulfonylureas stimulated ROS production in a beta cell line, MIN6, through activation of NADPH oxidase. Pro-inflammatory cytokines are known to increase NADPH oxidase production and activity in the Fig. 7 Effect of palmitate or IL-1β on ROS production assessed by ethidium fluorescence in isolated pancreatic islets. The production of ROS by isolated rat pancreatic islets was determined using a hydroethidine oxidation assay. The fluorescence intensity of islets was analysed by Zeiss confocal microscopy. Groups of 20 islets were incubated for 1 h in the presence of 5.6 mmol/l glucose (G5.6), 5.6 mmol/l glucose plus 0.1 mmol/l palmitate (PALM), 5.6 mmol/l glucose plus 5 ng/ml IL-1β, and for the latter two also in the absence or presence of 10 μmol/l of DPI (a, b) (n=3). c Islets were incubated as above (a, b), but for 24 h (n=3). The results are expressed as means±SE. *p<0.05, compared with 5.6 mmol/l glucose; ***p<0.001, as compared with 5.6 mmol/l glucose; †p<0.05, as compared with 5.6 mmol/l glucose and 0.1 mmol/l palmitate phagocytic cells of the immune system such as neutrophils and monocytes [14, 15] . It is thus intriguing that components of the NADPH oxidase system are expressed in the pancreatic beta cell. From the evidence provided in this paper and others [9] [10] [11] , it can be deduced that glucose rapidly increases production and activity of the NADPH oxidase system in the beta cell. It is possible that enhanced production of NADPH oxidase is more robust in vivo, where both glucose and palmitic acid concentrations may remain chronically elevated, and this may lead to elevated levels of apoptosis. Of related interest, arachidonic acid, which promoted insulin secretion and proliferation in the BRIN BD11 insulin-secreting cell line [26] , did not increase p47
phox production up to 24 h after exposure (results not shown).
IL-1β is known to induce apoptosis of islet cells by stimulating cytochrome c release from the mitochondria with subsequent activation of downstream caspases [27] . Pro-inflammatory cytokine mixtures (especially IL-1β, TNF-α and IFN-γ) are often required to induce death in rat beta cell lines, and appear to activate key caspases resulting in DNA fragmentation and induction of apoptosis. Cytokines also induce nitric oxide synthase production in beta cells, but nitric oxide production is not absolutely required for cytokine-induced beta cell death [26] . We have reported in this paper that IL-1β mediated an up-regulation of p47 phox production and ROS production in islet cells, while a pro-inflammatory cytokine cocktail increased p47 phox protein levels in the clonal beta cell line BRIN BD11. It is therefore possible that pro-inflammatory cytokines increase NADPH-oxidase-dependent ROS production in the beta cell, resulting in Jun N-terminal kinase activation, cytochrome c release, caspase activation and thus apoptosis as recently described [28] .
Reduction of p47 phox production in rat islets after 24 h of exposure to sub-apoptotic levels of IL-1β may reflect activation of a cellular protective mechanism which in vivo would reduce levels of apoptosis. Indeed most beta cell lines are generally more resistant to apoptosis than their primary cell counterpart, and so enhanced p47 phox production may be tolerated at 24 h in the BRIN BD11 cell line, as reported here. However, exposure to pro-inflammatory cytokines at higher levels will induce apoptosis by increasing nitric oxide synthesis and activating stress response pathways (including endoplasmic reticulum stress) and mitochondrial dysfunction.
The NADPH oxidase complex will use NADPH as a source of reducing equivalents and molecular oxygen to generate O 2 − . The source of the NADPH is of critical importance to the beta cell, which has a relatively low pentose phosphate pathway activity [27] . Interestingly the beta cell contains malic enzyme, capable of converting malate to pyruvate with the concomitant production of NADPH from NADP + [29] . The function of the generation of NADPH in the beta cell, although positively correlated with insulin secretion, has never been clarified. We would suggest that NADPH contributes to ROS generation via its role as substrate in the NADPH-oxidase-catalysed reduction of molecular oxygen. While the normal role of ROS in the beta cell must at present be a matter of speculation, it may be related to the regulation of redox-sensitive enzymes, signal transduction components or transcription factors, which can subsequently regulate secretion and insulin gene transcription. However, in conditions that are damaging and pathogenic to beta cells, such as the continuously high circulating levels of both glucose and palmitic acid known to occur in type 2 diabetes [30, 31] or the sustained exposure to pro-inflammatory cytokines known to occur in type 1 diabetes, the upregulated production and activity of NADPH oxidase may result in excessive ROS production in the beta cell. This would subsequently impact on mitochondrial function, resulting in impaired ATP production and insulin secretion, and possibly contributing to an increase in apoptosis [32] . However, in vitro a prolonged period of incubation may result in a reduction in extracellular palmitic acid or cytokine levels (due to consumption or proteolysis, respectively), thus lowering the primary stimulus. In vivo, where fatty acid or cytokine levels can remain high over extended periods, beta cell ROS generation and its regulation in the context of mitochondrial dysfunction, endoplasmic reticulum stress and other apoptotic mechanisms may be a unifying biochemical mechanism that contributes to beta cell dysfunction and destruction in either type 1 or type 2 diabetes.
We also present evidence here that the glucose-dependent effect of palmitate on ROS production by islets is mediated via PKC activation, probably involving diacylglycerol production and subsequent stimulation of PKC activity (a mechanism reported for glucose-induced ROS production in mesangial cells [10] ). Therefore glucose and palmitate together may augment de novo synthesis of diacylglycerol (palmitate rich), PKC activation and consequently NADPH oxidase activation in pancreatic islet cells. As PKC is involved in the amplifying (K ATP channelindependent) mechanism controlling insulin secretion, the effect of palmitic acid would not be expected to involve alteration of ion-channel-dependent events that control insulin secretion.
ROS generation and its regulation may thus be used by a wide variety of cell types for different physiological purposes. Phagocytic cells may use ROS generation for bacterial damage and destruction, but protect themselves due to high levels of expression and activities of antioxidant enzyme systems including superoxide dismutase and catalase. Pancreatic beta cells may be particularly susceptible to ROS damage due to low levels of production of specific antioxidant enzymes including catalase [33, 34] . Beta cells may therefore be particularly susceptible to excessive ROS generation in the presence of additional stress, e.g. nitric oxide and mitochondrial dysfunction, therefore explaining their unique response to palmitic acid and pro-inflammatory cytokines resulting in dysfunction and destruction in either type 2 or type 1 diabetes.
